Essential oils from 29 medicinal plant species were tested for nematicidal activity against the pinewood nematode (Bursaphelenchus xylophilus). The mortality of the nematode varied according to the plant materials and their concentrations. High nematicidal activity against male, female and juvenile nematodes of B. xylophilus was achieved with essential oils of Paeonia moutan, Perilla frutescens, Boswellia carterii and Schizonepeta tenuifolia, all of which caused 100% mortality at 2 mg ml , respectively. The other essential oils exerted weak or no activity.
INTRODUCTION
Pine wilt disease, caused by the pine wood nematode (Bursaphelenchus xylophilus) is the most serious problem in southern Korean forests. The disease was first found in Busan city in 1988 (Yi et al., 1989) , and has since spread to several areas on the Korean peninsula. The area of infection has increased annually (Chung, 2002; Korea Forest Research Institute, 2005) . As Pinus densiflora and P. thunbergii are the predominant tree species in Korean forests and are very susceptible to the pine wood nematode, the resulting ecological and economical damage has been substantial (Korea Forest Service, 2004) .
Control of pine wilt disease depends primarily on the fumigation of disease-infected trees with metham-sodium, aerial application of such synthetic pesticides as fenitrothion and thiacloprid against the insect vector (Monochamus alternatus), or injection of such nematicides as morantel tartrate or emamectin benzoate (Kishi, 1995; Korea Forest Service, 2003; . However, there are environmental and human health concerns associated with the use of synthetic pesticides and nematicides. Alternative nematode control methods or less toxic nematicides must therefore be developed (Noling and Becker, 1994) . Phytochemicals are good candidates because they can be developed for use as nematicides themselves or can serve as model compounds for the development of chemically-synthesized derivatives with enhanced activity or environmental friendliness (Chitwood, 2002; . Furthermore, many (though certainly not all) phytochemicals are safer for the environment and human health than traditional chemical nematicides.
In the present study, medicinal plant essential oils from 29 plant species in 18 families were evaluated for their nematicidal activity against B. xylophilus.
MATERIALS AND METHODS
Collection of pine wood nematodes. B. xylophilus was isolated from chips of infected pine wood collected in March 2004 in the Haman area of Gyoungsangnam-do province, Korea, using the Baermann funnel method (Chawla and Prasad, 1975) . The pine wood nematode isolate was rinsed three times with sterile distilled water and reared on a lawn of Botrytis cinerea cultured on potato Nematicidal activity of medicinal plant essential oils against the pinewood nematode (Bursaphelenchus xylophilus) dextrose agar medium (PDA) in the dark at 28°C. Juvenile and adult nematodes were extracted from fungal cultures using sterile distilled water in shallow pans 10-12 days after inoculation. They were collected after 4-8 hours and concentrated. The nematodes were rinsed from the filter disks with sterile distilled water and collected.
Sample preparation. The plant species used are listed in Table 1 . Twenty-nine plant samples were purchased at the Kyungdong medicinal market in Seoul, and essential oils were prepared by steam distillation as described by Park et al. (2003) . In brief, plant samples of 1,000-1,600 g each were powdered in a blender and dispersed with distilled water (800 ml) in a 2 l flask and steam distilled at 100°C. Yields of essential oils extracted via steam distillation in the laboratory were calculated according to percentage, using the following formula:
Yield (%)ϭ(Volume of essential oil/weight of dried test material)ϫ100
Nematicidal activity. Concentrations of plant essential oils were prepared using serial dilution with distilled water containing Triton X-100 (5,000 ppm). Test solutions were introduced into in wells of 96-well plates (Falcon, USA). In each well, the concentration of nematodes was about 300 nematodes (mixtures of juvenile and adult nematodes, male : female : juvenileϷ1 : 1 : 2) per 100 ml of water. Controls received distilled waterTriton X-100 solutions. Treated and control nematodes were held under the same conditions as used for colony maintenance. Mortalities of male, female and juvenile (second-and third-stage; mortality of first-and fourth-stage was not included) nematodes were recorded under a microscope after 4 hours (range of numbers observed: 24 to max. 36 nematodes for male; 28 to max. 36 for females; 57 to max. 68 nematodes for juvenile in each replication). Nematodes were defined as dead if their bodies were straight and they did not move, even after 
RESULTS

Oil yields
The yields of essential oils from 29 species of medicinal plants are listed in Table 1 . Amomum cardamomum had the highest oil content (5.5%) and Evodia officinalis had the lowest (0.03%). The yields of Myristica fragrans and Forsythia koreana were 2.9% and 2.25%, respectively. The yields of the other plant species were less than 1%.
Nematicidal activity of plant essential oils
When the 29 plant essential oils were bioassayed, toxicity varied according to oil type, stage and sex of the nematode ( Table 2 ). The essential oils of Paeonia moutan, Perilla frutescens, Boswellia carterii and Schizonepeta tenuifolia caused 100% mortality against male, female and juvenile pine wood nematodes at 2 mg ml
Ϫ1
. Other plant essential oils showed weak or no activity. Plant essential oils showing high activity were bioassayed at lower concentrations ( a Plant essential oils with activity Ͼ10% at 2 mg ml Ϫ1 were reported. b Means within a column followed by same letters are not significantly different (pϭ0.05, Scheffe's test). they are selective, have no or little harmful action against non-target organisms or the environment, and may be applied to the plant or soil in the same way as conventional pesticides (Arnason et al., 1989; Hedin and Hollingworth, 1997) . Naturally occurring nematicidal essential oils include essential oils of Carum carvi, Foeniculum vulgare, Mentha rotundifolia and Mentha spicata (Oka et al., 2000) , essential oils of three Lamiaceae (Ocimum basilicum, O. sanctum and Mentha piperatum), two Myrtaceae (Callistemon lanceolatus and Eugenia caryophyllata) (Sangwan et al., 1990) , and garlic and cinnamon oils . Steam distillation of aromatic plants yields essential oils which have long been used as fragrances and flavorings in the perfume and food industries, respectively. These oils are generally composed of complex mixtures of monoterpenoids, biogenetically related phenols, and sesquiterpenes. Perillaldehyde from P. frutescens (Tada et al., 1996) , paeonol from Paeonia taxa (Papandreou et al., 2002) , and menthone and pulegone from S. tenuifolia (Park et al., 2006) have been identified as the main volatile components. Jointly or independently, they might contribute to nematicidal activity. However, the use of crude plant essential oils instead of a purified or synthetic compound may result in beneficial effects beyond mere nematode control, and may therefore, convey additional economic benefit. The cost of crude versus synthetic materials is a function of the complexity involved in the manufacture of each. Crude extracts also have the potential for synergism among individual components (Chitwood, 2002) .
Elucidation of the mode of action of oils is of practical importance for nematode control because it may provide useful information on the most appropriate formulation and means of delivery. Essential oils which revealed nematicidal activity have also been reported to have insecticidal or antitermitic activity (Park et al., 2000; . In addition, Oka et al. (2000) have reported a strong relationship between nematicidal and insecticidal activity. Some researchers have reported the mode of action of plant essential oils using an insect model. Enan (2001) and Kostyukovsky et al. (2002) showed evidence for interference with the neuromodulator octopamine, and Miyazawa et al. (1998) and Lee et al. (2001) reported that essential oils of Mentha species inhibited AChE activity.
However, the mode of action of essential oils tested in this study against nematodes remains unclear.
Our results indicate that P. moutan, P. frutescens, B. carterii and S. tenuifolia oils could be useful as nematicides for use against the pinewood nematode; further study is necessary to assess the safety of these oils to develop formulations to improve their efficacy and stability, and to reduce their cost.
